We have used the cold target recoil ion momentum spectroscopy imaging technique to investigate dissociative ionization of H 2 by 25 keV proton impact. A kinematically complete picture of the dissociative ionization dynamics for slow proton collision has been obtained. The results show a strong impactparameter dependence of the fragmentation process of H 2 . This clearly emerged in the energy distributions of the H + ions generated for different impact parameters. At large impact parameters the H + ions equally share the energy liberated in the collision whereas at small impact parameters, the energy sharing is quite asymmetric. We also observed a strong dependence of the electron emission on molecular alignment. The momentum distribution of the emitted electron generated for a fixed-in-space H 2 molecule displays that the electrons are more likely to be emitted perpendicular to the molecular axis.
Introduction
Dissociative ionization of small molecules by ion impact is of fundamental importance in many areas of science and technology, for example, in studies of astrophysical plasmas and upper planetary atmospheres or in studies of radiation damage of biological tissues [1] [2] [3] [4] [5] [6] [7] . Experimental studies of the ionization of small molecules by ion impact provide basic information for understanding of the fragmentation process by ion, electron or photon impact. In the case of electrons and photons the dissociation is mostly initiated by the creation of an inner-shell vacancy in the molecule [8] [9] [10] . For ion impact the fragmentation is mostly triggered by the removal of valence electrons from the molecule [11] [12] [13] [14] [15] .
Depending on the collision velocity and on the charge state of the incident ion, dissociative ionization of molecules by ion impact results from electron capture as well as ionization processes. Except at very low collision energies, the collision time (10 −15 -10 −17 s) is usually much shorter than the typical molecular dissociation, vibration and rotation time; therefore, the reaction can be separated into two steps: first, a transient molecular ion is produced during the collision event, the internal degrees of freedom of the molecule being frozen; second, if the excited molecular ion is unstable with respect to dissociation, fragmentation takes place. When dissociation occurs in a time short compared with the period of molecular rotation, the axial recoil approximation holds and the fragment ion trajectory reflects the orientation of the target molecule in space [16] . This can also be used to reconstruct the geometry of a more complex molecule by imaging the vector momenta of its fragments [17, 18] .
Recent progress in the investigation of the dissociative ionization is due to the use of the coincidence multi-hit COLTRIMS (cold target recoil ion momentum spectroscopy) imaging technique [19] [20] [21] [22] [23] [24] [25] [26] which has been mainly devoted to the momentum detection of the atomic fragments following molecular fragmentation. It was shown that coincident timeof-flight measurements with a position-sensitive multi-hit detector provide a complete threedimensional image of the break-up process for each individual event. Thus the measured break-up pattern yields the complete information on the orientation of the molecular system with respect to the ion beam axis. A first quantitative measurement of vector correlation following ion-induced molecule fragmentation has been reported in pioneering experiments by Werner et al [27] .
Measurements of fully differential cross sections for the dissociative ionization of the hydrogen molecule differential in the momentum of electrons, recoiling fragment ions and projectiles for slow incident protons at 25 keV are reported here. The measurements were carried out using the COLTRIMS imaging technique. The momentum vectors of both H + fragment ions and emitted electron have been measured in coincidence. In addition, the charge state of the outgoing projectile has been determined in coincidence too. Therefore, this study reports on a kinematically complete measurement of transfer ionization-induced dissociation of hydrogen molecules by proton impact at 25 keV.
Experimental setup
The experiment was performed at the electron cyclotron resonance (ECR) ion source of the Institut für Kernphysik of the Frankfurt University [28] using COLTRIMS [19, 20] . Briefly, the incoming 25 keV H + ion beam collimated to a small diameter of 1 mm intersects at right angles a supersonically cooled H 2 gas jet. After collision the charged projectiles are deflected electrostatically and the forward-scattered H neutrals are detected by a position-sensitive detector (PSD) consisting here of three channel plates and a delay line anode [21] , located at 3.50 m from the target region. The fragment ions are extracted from the interaction region by means of a uniform dc electric field of 13 V mm −1 perpendicular to the plane defined by the impacting ion and molecular beams. After the acceleration region, the fragments drift in a field-free region and reach a second PSD identical to the first one. On the opposite side the emitted electrons were accelerated for a distance of 15 mm, and then passed a drift tube of 40 mm length to be detected by a position-sensitive detector with an active diameter of 50 mm. This detector was shifted by 12 mm forward in the beam direction with respect to the reaction zone. The time-of-flights and positions of all collision products were simultaneously recorded with a 0.5 ns resolution 15-channel multi-hit time-to-digital converter (LeCroy TDC 3377). The TDC was operated in a common stop mode, i.e. where the signals were measured to a delayed common stop signal made by the coincidence between electron and recoil ion timing signals. Finally, the momentum vectors of both H + fragment ions and the emitted electron were calculated from the times-of-flight and the positions on the detectors. The projectile transverse momentum was determined from the impact position on the projectile detector [22, 23] . 
Results and discussion
The removal of two electrons from H 2 automatically leads to the dissociation of the molecule,
The H + ions as well as the emitted electron have been recorded in coincidence with the scattered projectile and their momentum vectors have been analysed. Figure 1 shows the transverse momentum of the scattered projectile. This transverse momentum can be related to an impact parameter. The distribution peaks at P ⊥ = 1.8 au which, assuming an unscreened Coulomb potential, would correspond to an impact parameter of about 2.2 au (P ⊥ = 10 and 20 au correspond to impact parameters in the range of 0.4 and 0.2 au, respectively). collisional energy transferred from the projectile during the collision and the energy imparted to the fragment in the fragmentation process. To study the impact-parameter dependence of the fragmentation process, the energy of one H + is plotted versus the energy of the other H + in figure 3 for different ranges of projectile transverse momentum transfer. In these figures the transverse momentum transfer increases from (a) to (d) in figure 3 ; therefore, the impact parameter decreases in the same direction. These figures indicate a strong impact-parameter dependence of the fragmentation process. At large impact parameters (P ⊥ < 1.8 au), the energy distribution of H + fragments is located close to the E 1,H+ = E 2,H+ line as shown in figure 3 (a). This indicates that the H + ions equally share the energy liberated in the explosion of the H 2 molecule and the energy transferred by the projectile to the ionic fragments is small. As the impact parameter decreases, the pattern becomes more and more different. The dominant feature in this case is that obviously the projectiles undergo a close collision with (a) (b) Figure 4 . The P + and P − momentum distributions of H + fragments transformed into the scattering system where the x axis is defined by the transverse momentum transfer and the z axis coincides with the beam axis. The distributions are generated (a) for small transverse momentum transfer (P ⊥ < 3.5 au) and (b) for large transverse momentum transfer (P ⊥ > 3.5 au). The P + momentum vector is fixed along the x axis.
one of the ionic fragments and transfer a non-negligible momentum, i.e. kinetic energy, to that fragment. At small impact parameters (P ⊥ > 6 au) two different groups of H + fragments appear in the energy distribution presented in figure 3(d) . The left group represents the H + fragments with lower kinetic energy than fragment 2. The right group is just the inverse case.
To understand the physics behind this effect the Jacobi coordinates have been used to present the momentum vectors for both fragments calculated in the laboratory frame. We define momenta P + = 1/2(P 1 + P 2 ) and P − = 1/2(P 1 − P 2 ), where P 1 and P 2 are the momenta of the fragment ions 1 and 2 in the laboratory system, respectively. Secondly, the P + and P − momenta are transformed to the scattering system (x , z ) where the x axis is defined by the momentum transfer of the projectile transverse to the beam axis and the z axis coincides with the beam axis. The P + and P − momenta are then generated for two different ranges of transverse momentum transfer. The resulted distributions are presented in figure 4 . Both distributions show a ring which represents the Coulomb explosion process. It is interesting to note that the narrow Coulomb explosion ring appearing at the small momentum transfer becomes broader at large momentum transfer. This broadening ring results mainly from the vector addition of the momentum transferred to the centre-of-mass of the molecule. Such a result was also obtained by DuBois et al in their study of the impact velocity dependence of the fragmentation process of D 2 by slow highly charged xenon [29, 30] .
The distribution of the total kinetic energy release (KER) of both H + fragments is shown in figure 5 . The circles represent the energy release when the molecular axis is parallel to the beam direction; the squares show the same when the molecular axis points perpendicular to the beam direction. The results show that the total energy sum of both fragments at parallel orientation is larger than that at perpendicular orientation. To model these results, we use the reflection approximation [31] , i.e. we calculate the KER by assuming Coulomb explosion from the H 2 ground state along the H + -H + repulsive curve. Starting from a Gaussian distribution of internuclear distances (corresponding to a harmonic potential) yields the red curve in figure 5 while the more realistic Morse potential yields the blue curve. The removal Figure 5 . The total energy distribution of both H + fragments generated for parallel orientation (circles), i.e. parallel to the beam axis and perpendicular orientation (squares), i.e. perpendicular to it. The red curve shows the energy predicted starting from a distribution of internuclear distances of a harmonic oscillator potential. The blue curve shows the same from a Morse potential. The open triangles are the KER spectrum for the photo-fragmentation of a deuterium molecule measured by Weber et al [32] .
(This figure is in colour only in the electronic version) of both electrons by photodouble ionization was reported to yield perfect agreement with the blue curve [32] . Our ion impact results yield slightly higher or slightly lower KER depending on the molecular orientation. Slightly higher KER indicates an additional energy from the scattering of the projectile, as discussed above. Lower KER might indicate that the molecule somewhat dissociates (∼10 −15 s) before its Coulomb explosion (∼10 −14 s) [33] . Such effects are also seen for laser fragmentation of molecules [34] [35] [36] .
In addition, the dependence on the molecular orientation of the emitted electron has been examined. The momentum distribution of the emitted electron is generated for a fixed-inspace H 2 molecule. The resulted distribution is presented in figure 6 (a). In this figure the molecular axis is fixed as indicated and the momentum vector of the electron has been plotted. The distribution shows a pronounced angular distribution. The electrons are preferred to be emitted perpendicular to the molecular axis. This effect can be clearly seen by plotting the differential cross sections for the emitted electrons as a function of the polar electron emission angle relative to the molecular axis as shown in figure 6(b) . The same result has been obtained in the momentum distribution of H + fragments generated for a fixed electron momentum vector as shown in figure 6(c) . A similar behaviour has been observed by Dimopoulou et al in their studies of dissociative and non-dissociative single ionization of H 2 induced by 6 MeV proton impact [26] . Recently, the photon-induced molecule dissociation studies have shown similar orientation effects [32, 37, 38] . For instance, the angular distributions of the emitted electrons from the single-photon-induced fragmentation of the deuterium molecule measured by Weber et al [32] have revealed that the light field attempts to drive electrons towards a dipole pattern linked to its polarization axis, whereas the two-body Coulomb potential of the molecule tends to favour electrons escaping perpendicular to its axis. This result has received a strong support from the recent theoretical studies on the double photoionization of H 2 [39] [40] [41] . It has been suggested that the ground-state electron momentum distribution in the molecule is the possible reason for the preferred emission perpendicular to the molecular axis. Because the electronic wavefunction is elongated along the internuclear axis in configuration space, the momentum space wavefunction forms a peak perpendicular to the molecular axis [37] . Moreover, in their study of the internuclear distance dependence of this orientation effect, Horner et al [39] have found that this effect becomes more pronounced as the molecule is stretched.
Conclusions
The COLTRIMS imaging technique has been applied for the investigation of dissociative ionization of H 2 by proton impact. We obtained a kinematically complete picture of the ionization dynamics for slow proton impact, which is unprecedented in completeness and detail. The energy distributions of the H + ions generated for different ranges of impact parameters reveal a strong impact-parameter dependence of the fragmentation process of H 2 . At large impact parameters the H + ions equally share the energy liberated in the collision. At small impact parameters, different features have been appeared which show an asymmetric energy sharing. A strong dependence of the dissociative ionization process on the molecular orientation has been observed. In addition, the momentum distribution of emitted electrons generated for a fixed-in-space H 2 molecule displays that the electrons are preferably emitted perpendicular to the molecular axis.
